The functional unit molecular size of the intestinal brush border membrane-bound Na+/glucose cotransporter was determined by radiation inactivation. Purified brush border membrane vesicles preserved in cryoprotectant buffer were irradiated (-1350C) with high-energy electrons from a 13-MeV (1 eV = 1.602 x 10-'9 J) linear accelerator at doses from 0 to 70 Mrad (1 rad = 0.01 Gy). After each dose, the cotransporter was investigated with respect to (i) Na'-dependent transport activity and (ii) immunologic blot analysis with antibodies against the cloned rabbit intestinal cotransporter. Increasing radiation decreased the maximal Na'-dependent cotransporter activity JfaX without affecting apparent Km. The size of the transporting functional unit was 290 ± 5 kDa. Immunologic blot analysis of brush border membranes gave a single band of Mr 70,000, which decreased in intensity with increased radiation dose and gave a target size of 66 ± 11 kDa. We conclude that activity of the intestinal Na+/glucose cotransporter in situ in the brush border membrane requires the simultaneous presence of four intact, independent, identical subunits arranged as a homotetramer.
Na+/glucose cotransporter in situ in the brush border membrane requires the simultaneous presence of four intact, independent, identical subunits arranged as a homotetramer.
The intestinal brush border membrane Na+/glucose cotransporter is among the most thoroughly studied eukaryotic systems demonstrating secondary active (ion-coupled) transport. Biochemical and immunological experiments have identified the cotransporter as a polypeptide of Mr 70,000-75,000 on SDS/PAGE reducing gels (1) (2) (3) , and the cloned cotransporter has a predicted molecular mass of 73 kDa (5, 6) . However, information regarding structure-function relationships of the cotransporter in situ in the native membrane is lacking. In this study we used high-energy electron radiation inactivation to investigate the membrane-bound in situ size of the cotransporter. Our results indicate that the cotransporter functions in the membrane as a 290-kDa homotetramer comprised of four independent 73-kDa subunits.
METHODS AND MATERIALS
Brush border membrane vesicles were prepared from male New Zealand White rabbit small intestines by a 10 mM MgCl2 precipitation procedure (7, 8) . The membrane vesicles were enriched =15-fold in the brush border membrane marker enzymes alkaline phosphatase, leucine aminopeptidase, sucrase, and 'y-glutamyltranspeptidase. Vesicles (20 ,ug of protein per ,l) were equilibrated in a cryoprotectant buffer (9, 10) that contained 14% (vol/vol) glycerol, 1.4% (wt/vol) D-sorbitol, 150 mM KCI, and 5 mM Hepes-Tris (pH 7.5). Beliveau et al. (9, 10) have established that this buffer preserves glucose and phosphate transport, and Na+/H+ antiport in kidney brush border membrane vesicles. Aliquots of the vesicle suspension were frozen in 2-ml glass ampules (type 12012; Kimble, Toledo, OH). The sealed ampules were then kept at -80'C and transported on dry ice. The membranes were irradiated at -1350C with a beam of 13 MeV (1 eV = 1.602 x 10-1' J) electrons produced by a linear accelerator, as described elsewhere (11) . After irradiation the ampules were held at -800C until the contents were assayed.
The irradiated frozen ampules were opened and purged with air, and the contents were thawed at room temperature. The vesicles were resuspended by drawing through a 27-gauge syringe needle and then were placed on ice. Glucose transport activity was measured during a 10-sec influx period with and without NaCi, using a rapid-mix/rapid-filtration technique (7) . The characteristic transport properties of brush border membrane vesicles (7, 8, 12) were preserved by using the cryoprotectant buffer at temperatures ranging from -80 to -196TC, as also verified by Beliveau et al. (9, 10) . The Na'-dependent cotransporter activity (J) at each radiation dose was the difference in total transport measured in NaCl (JtotaI) minus transport measured in choline chloride buffer (JNa-indePendent). J at each radiation dose was assessed relative to control unirradiated transporter activity (J0). Data were fitted by a least-squares analysis of the relation ln(J/JO) = -kD, where D is the radiation dose in Mrad (106 rad; 1 rad = 0.01 Gy), and k is the slope of the inactivation curve. The computer regression program was constrained such that J/Jo = 1 when D = 0. The molecular mass of the functional unit, or target size, was subsequently determined (13) (14) (15) from the relationship: target mass = 17.9 x 105 k, [1] which includes the temperature correction factor for irradiations performed at -135°C. Dosimetry was performed as described elsewhere (16 (5) . AbE was against nonadecapeptide from the major extracellular hydrophobic loop (residues 402-420), and AbC was against a dodecapeptide from the major intracellular hydrophobic loop (residues 604-615). These antibodies were raised in rabbits according to Walsh and Wong (17) and were the IgG fractions purified using protein A-Sepharose (Pharmacia).
Immunologic (Western) Blots. Immunodetection of the brush border Na+/glucose cotransporter on Western blots was carried out using goat anti-rabbit IgG conjugated to horseradish peroxidase. Briefly, the desired amount of brush border membrane protein was solubilized in SDS sample buffer [2% SDS/62.5 mM Tris-HCI, pH 6.8/1 mM dithiotTo whom reprint requests should be addressed.
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threitol/20% (vol/vol) glycerol] immediately after the sample had thawed and was boiled for 3 min before loading onto the gel. Protein was electrophoresed in a minigel format (MiniProtean; Bio-Rad) and then electrophoretically transferred to nitrocellulose paper (BA85; Schleicher & Schuell). The remaining nonspecific protein-binding sites on the nitrocellulose were blocked by preincubation with 0.05% (vol/vol) Tween-20 and 0.5% (wt/vol) nonfat dried milk powder (Carnation), for 1 hr at 220C. The blots were then incubated in the antibodies (1:1000 dilution) for 2 hr. The bound antibodies were detected with goat anti-rabbit IgG conjugated to horseradish peroxidase (Calbiochem) and developed in diaminobenzidine (4, 17) . Care was taken to develop the blot such that the intensity of staining was directly proportional to the amount of antigen.
Identical blots were run under peptide-blocked conditions to visualize the nonspecific binding (background) staining. In this case, the antibody dilution was preincubated with 0.5 ,g of peptide per ml of the relevant peptide at 370C for 1 hr. The background in the area of interest was minimal compared with an empty lane.
In all experiments a standard serial dilution of control rabbit brush border protein (40-2.5 Ag) was included to verify that the samples gave density readings in the linear range. The blots were scanned on a densitometer (GS300; Hoefer) in the reflectance mode, and the data were analyzed by computer with the companion software. The nonspecific binding was subtracted from the total binding to give the specific immunoreactivity. We observed an increase in the peptide-blockable immunostaining over the entire molecular weight range with increased radiation dose, which was related to a generalized increase in background staining (18) . This immunostaining was regarded as background and was subtracted from the specific immunostaining by continuing the profile of the background through the peak area (A) to determine the amount of the area over this background. The remaining relative area of the peak (A/AO) at each radiation dose, D, was then employed in the relation In(A/AO) = -kD to calculate the inactivation slope k. The target size was subsequently determined using Eq. 1. Electrophoresis-grade glycine, Tris, SDS, and the protein assay kit were purchased from Bio-Rad. All other reagents 
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were obtained from Sigma, unless otherwise specified and were of the highest grade available. D-[6-3H]glucose (30 Ci/mmol; 1 Ci = 37 GBq) was purchased from New England Nuclear. Data points are presented as means ± SEM (n 2 3 assays). Results were confirmed for three independent radiation experiments using five separate brush border vesicle preparations from a total of 10 rabbit intestines. Data were analyzed using linear and nonlinear regression computer programs.
RESULTS
Transport Activity Functional Unit Size. After membrane vesicles were irradiated with high-energy electrons, glucose uptake was measured as a function of radiation dose, as shown in Fig. 1 . In NaCl buffer, total glucose uptake decreased with radiation dose to an asymptote value equivalent to 5% of the control. The Na+-independent glucose uptake was a constant value unaffected by radiation dose; this demonstrated that the vesicles were not leaky and retained their integrity in the cryoprotectant buffer even up to the highest radiation dose. Fig. 2 shows that Na+/glucose cotransporter activity decayed as a single exponential function of radiation dose. Based on three independent experimental data sets, the mean target size for function was 290 ± 50 kDa.
The data of Fig. 1 demonstrated a radiation-resistant component ofJt tai, which was equal to jNa-indePendent. Therefore, the constant value ofJtotal determined at radiation doses >30 Mrads could be used in place of jNa-indePendent measured in the presence of choline. This analysis yielded an average target size of 290 ± 5 kDa (n = 3). Effects of Radiation on Cotransporter Kinetics. Na+/ glucose cotransporter uptake kinetics were determined in membranes irradiated at doses of 0, 3, and 6 Mrad. Nonlinear regression analysis of the kinetic data gave the same Km = 303 ± 26 ,uM glucose, regardless of radiation dose; this value was similar to the previously published value of 340 ,M for the intestinal brush border membrane major Na+-dependent glucose cotransporter (8) measured under similar conditions. The jmax decreased with dose, however. Based on jmax values, the target size was 284 ± 28 kDa (n = 3). Fig. 2 , the Na'-dependent glucose cotransporter activity (J) was assessed at each radiation dose and expressed relative to control unirradiated transporter activity (JO), where J = Jtot _ jNa-indePendcnt. The logarithm of remaining activity (e) was a linear function of dose. Based on three independent experiments, the average target size was 290 ± 50 kDa. In irradiated membranes from three independent experiments, the amount of subunit polypeptide was measured on Western blots using AbC and AbE after gel electrophoresis, as described in Methods and Materials and Fig. 3 . The fraction of polypeptide remaining is shown (o); these experiments yielded an average target size of 66 11 kDa.
Effects of Radiation on the Monomer Band on Western Blots. Polyclonal antibodies were made against synthetic peptides that represented portions of the primary sequence of the cloned rabbit intestinal Na+/glucose cotransporter; the peptides were selected based on the secondary structural model (5, 6) . Western blots with antibodies to the cloned rabbit intestinal Na+/glucose cotransporter gave a single, specific band Of Mr 70,000 (Fig. 3) . Fig. 3 shows the effect of radiation on the Mr 70,000 band in rabbit brush border membranes by using AbC. up to 72 Mrad, and the remaining fraction of peak area was expressed relative to the control unirradiated peak area, as shown in Fig. 2 . In three independent experiments, the target size of the monomer peak in brush border membranes was 66 ± 11 kDa. Identical results were obtained with AbE.
DISCUSSION
Monomer Genetic Translation. The intestinal Nat/glucose cotransporter has been extensively studied, and much is known about its unique location in the brush border membrane of the enterocyte, sugar specificity, cation specificity, and kinetics (1-3, 5, 6, 8, 19) . Biochemical experiments have identified the rabbit cotransporter as a polypeptide of Mr 70,000-75,000 on reducing SDS/PAGE gels and provided evidence that the Na' and D-glucose binding sites are both on the same polypeptide (20, 21) . The rabbit Na+/glucose cotransporter has been cloned, sequenced, and expressed in Xenopus oocytes (5, 6 (8) . Only one has been identified, cloned, and expressed, and other explanations can account for the kinetic behavior in vesicles (22) . It is our working model that there is only one intestinal brush border Na+/glucose cotransporter.
Functional Unit Size in Situ. The molecular organization of the Na+/glucose cotransporter has been suggested to be an oligomer in the brush border membrane of intestine (23) and renal proximal tubule (9) . In the present study we used radiation inactivation in conjunction with transporter function and Western blot analysis to assess the functional unit molecular mass of the Na+/glucose cotransporter in cryoprotected native membranes. The theory and practice of radiation inactivation is well established in confirming the functional unit size of a wide variety of enzymes (11) . The technique has also been used to determine the in situ functional unit size of brush border membrane-bound enzymes (24, 25) and transporters (9, 10) . Specifically, the radiation target size of the kidney brush border membrane Na+/ glucose cotransporter in situ has been measured in a variety of species, with a target size of 288 kDa (9) and 298 kDa (26) for transporter activity. Inasmuch as the cloned intestinal Na+/glucose cotransporter is homologous to the human renal clone (27) , our finding (Fig. 2) that the intestinal brush border membrane-bound in situ radiation target size is 290 kDa is consistent with these renal target sizes. Parenthetically, insensitivity of the Na+-independent uptake to radiation suggests that this transport mode is primarily not proteinmediated at 2 ,uM glucose.
Homotetramer Organization. Radiation target theory assigns the size of the functional unit but does not assign molecular organization of subunits (15, 28) . When a highenergy electron hits a polypeptide chain, the deposited energy completely destroys the chain, resulting in loss of function. The energy can be absorbed by a single polypeptide and not spread to adjacent chains (14) ; in such oligomeric proteins, each subunit is destroyed as a single entity.
In the present study, we obtained two different sizes for the rabbit cotransporter, depending on the postirradiation functional assay. In Fig. 3 4. Tentative model of the membrane-bound arrangement of the intestinal brush border Nat/glucose cotransporter. The transporting functional unit (collectively -290 kDa) requires four intact independent identical monomer subunits (each 73 kDa). At the extracellular surface Na' binds to the cotransporter, which results in a conformational change that permits glucose to bind to the glucose-binding site. With both substrate species bound, the cotransporter undergoes a new conformational shift, placing Na' and glucose near the inner surface of the membrane. Na' and glucose are released to the cytoplasm, thereby triggering a cotransporter conformational shift to expose the binding sites once again to the extracellular surface of the membrane. The cotransporter thus again assumes the optimal conformation for binding extracellular Na' and glucose. For reasons of clarity, only one Na' and one glucose are shown to interact with the cotransporter. Previous studies have indicated that each 73-kDa polypeptide has both Na' and glucose active sites (1, 21) .
varied as a function of radiation dose, giving a target size of 284 + 28 kDa; this finding offers strong evidence that a single high-energy electron hit completely inactivated the cotransporter functional unit, rather than partially affecting cotransporter activity by reducing substrate affinity. The target size of 290 kDa could be due to the cloned 73-kDa peptide plus other, as yet unidentified, proteins. However, because only a single protein species (5, 6) is required for transport activity (22) , our results indicate that the function of the intestinal Na+/glucose cotransporter in situ in the brush border membrane requires the simultaneous presence of four intact, independent, identical 73-kDa subunits arranged as a homotetramer. This model is similar to that proposed in a radiation inactivation study of the six independent subunits of glutamate dehydrogenase (14) .
There are two simple models for transport activity that would be consistent with these results: (i) a single functional site is shared by the four subunits or (ii) an independent site is on each subunit, but the conformation needed for activity is maintained only by the mutual interaction of all four subunits. Our depiction of the homotetramer arrangement in the membrane (Fig. 4) could accommodate either mechanism. However, there is strong evidence that each monomer potentially possesses independent binding sites for both Na+ and glucose (20, 21) , and that the in situ contransporter possesses discrete Na+ and glucose binding and translocation steps (4) . Therefore, the present data suggest that the intestinal Na+/glucose cotransporter exists as four subunits working in concert and that an individual subunit's activity can only be manifested by the interaction of all the other components.
